Introduction
Due to observation of luminescence at room-temperature (RT) over a wide spectral range from blue to red [1] and also the possible gain mechanisms [2, 3] , self-assembled Si or Ge nanocrystals (nc) in silica-based materials have attracted a lot of interests during recent years for potential applications in photonics and other nano-structured devices [2] . Si(or Ge) nanocrystals in a silica material can be prepared using different techniques. The most frequently used technique is the precipitating process through thermal annealing of the Si-rich SiO 2 layer obtained by either ion implantation or plasma enhanced chemical vapour deposition (PECVD). The latter is an easier process to perform but somewhat more difficult in controlling the size and density of synthesized semiconductor nanocrystals. Furthermore, it is known that the optical properties of such nanostructured Si(Ge)/SiO 2 materials varied depending on the details of the synthesis technique and the materials system [3] [4] [5] [6] .
Mesoporous silica (MS) with extremely large internal surface area has served as a useful template material to accommodate high density and uniform Si(Ge) nanocrystals, owning to its adjustable and uniform pore sizes in the range of 1.5 to 10.0 nm. Such a material system is called nanocrystalline-Si embedded in mesoporous silica (nc-Si in MS). Its open and highly interconnected sponge-like porous structure can also be used to fill with other photosensitive materials, or conveniently used as a host or template for polymers, catalysts, or nanoparticles.
Recently, Shieh et al successfully prepared MS templates using the Sol-Gel technique, and subsequently embedded the template with nc-Si(Ge) using various atomic deposition processes [7] for observation of the enhanced photoluminescence (PL) at RT. Some interesting applications based on devices involving nc-Si(Ge) in MS in the active region [8] were subsequently explored. However, there is still limited characterization and a lack of detailed understanding of the optical properties, in particular the light emission mechanisms and their dependence on the sample preparation process of these Si-based photonic materials
In this communication, we present the results of a PL study on MS samples embedded with nc-Si(Ge). The PL measurements were mainly performed at low temperature, in order to reduce any thermally activated processes, while the experiments with various excitation powers and annealing processes were carried out with an aim to investigate the origin of the light emission and for providing more understanding and insight of the optical properties.
Experimental
The MS templates were prepared by spin-coating on p-type Si substrates with a 5-nm-thick SiO 2 buffer layer on top using the Sol-Gel technique, which could produce MS films with a pore-size of 4-5 nm and a pore-wall of ~1.5 nm [7] . The thickness of all used MS films was ~220 nm. Si or Ge nanocrystals were then synthesized in the MS templates using a pulse-modulated high-density inductively coupled plasma (ICP) deposition process [9] , but in the present study most of the samples were only embedded with nc-Si. During the deposition, a negative voltage of 40 V at 300 kHz was applied on the substrate. This creates preferential growth of nc-Si on the bottom of the pore-channels. Depending on the detailed deposition conditions and the number of cycles used for the whole process, the nano-pores in MS could be fully or partially filled by Si nanocrystals. For the samples used in this work, only two deposition cycles were used and accordingly, the MS are partially filled with Si nanocrystals. Finally, a 10-nmthick SiO 2 layer was deposited on the MS film.
The average size of the nc-Si was about 4 nm in diameter, as revealed by a crosssectional image of the transmission electron microscopy (XTEM) in Fig. 1 . The areal density of nanocrystals was estimated to be at a level of ~5x10 14 cm -2 , which is among the highest compared to what is achieved by other synthesis techniques [3] . Due to the foil thickness, however, it is difficult to draw conclusions on the filling effect of Si in the pores.
Fig. 1. Cross-sectional TEM image of a mesoporous silica film embedded with high density nc-Si.
The PL experiments were performed mainly at 2 K in a He-flow cryostat using an optically pumped deep UV Monolithic Block Doubler (MBD) laser ( =266 nm) as the excitation source with the optical power density varied from 0.1 to 10 Wcm -2 . The laser beam was focused by a (10 cm) UV lens into a 1 mm 2 spot diameter. The samples were oriented to the laser beam by 45º. The emitted luminescence was collected in a conventional 90º geometry and dispersed by a one meter SPEX 1404 double-grating monochromator with two 1200 lines/mm gratings. The spectra were finally recorded by a Gallium Arsenide (GaAs) photomultiplier detector (peak wavelength 300-800 nm) using a standard lock-in technique and gated electronics (SR-510, Stanford Research Systems). A set of optical filters were used in order to cut stray radiation from the laser beam and scattered light from the samples.
Results and discussion
The PL spectra of nc-Si embedded in MS, together with a reference MS template with no incorporation of any nc-Si are presented in Fig. 2 . The spectral shapes are rather similar for the two samples with a broad-band emission peaking at ~2.75 eV. The luminescence is however much more intense for those embedded with Si or Ge nanocrystals which exhibits a similar spectrum (not shown here). This implies that the emission mechanism for MS samples with or without nc-Si(Ge) could be the same, but the incorporation of nc-Si(Ge) enhances considerably the luminescence intensity. According to the literature [10] [11] [12] [13] , the PL at ~2.75 eV is characteristic for both bulk amorphous and crystalline SiO 2 , in which the laser heated electron-hole plasma could be condensed on self-trapping exciton states, e.g. neutral defects of oxygen vacancy (≡Si-Si≡) [14, 15] on surface, for emission. Since the present MS samples are only partially incorporated with filled nc-Si, it is reasonable to assume that the light emission was still governed by the surface properties of silica. The semiconductor nanocrystals hence play a role by sensitizing the luminescence emission through generating more photo-excited carriers.
These carriers are then trapped in the defect state e.g. the interfacial oxygen defect sites and subsequently recombine to increase the PL intensity.
Fig. 2. PL spectra of MS samples embedded with or without nc-Si.
Some samples were post-treated by rapid thermal annealing (RTA) at 950 °C for 15 -75 seconds in an N 2 ambient. PL spectra of nc-Si samples before and after RTA are depicted in Fig. 3 . Although there was no evident energy shift of the PL peak, the RTA process in this study quenched the luminescence severely. There was an inverted relation between the RTA processing time and the PL intensity, as shown by the data points summarized in the insert of Fig. 3 . This behavior is different from reported results in the literature, for which nc-Si samples prepared by other techniques, the post RTA process usually resulted in an enhancement of the PL intensity, probably due to the removal of point defects. Therefore, we again attribute the PL quenching effect to the nature of partially filled nc-Si structures. The thermal annealing would in this case alter the morphology and interface properties of nanocrystals, which thus affect the carrier transfer efficiency and eventually the PL intensity. For the extreme case, after annealing in a conventional furnace at 1000 ºC for 2 hours, the PL at 2.75 eV completely vanished.
Instead a weaker but narrower PL peak at ~1.77 eV was observed [8] , which was regarded as the evidence that the originally partially filled nc-Si became the fully isolated nc-Si after a long annealing. The observed PL was then due to the band-to-band recombination of carriers and the PL energy position corresponds well to the quantumconfinement effect in relation to the size of nanocrystals [13] .
Although the shape of the PL spectra with and without incorporation of Si nanocrystals was similar, the excitation power dependence of the PL intensity revealed a significant difference, as shown in that the superlinear behavior occurred in the MS sample when the PL intensity was rather low. In this case, the PL emission could be governed by the generation of nonequilibrium carriers that were first captured by the acceptor-or donor-like states, respectively, on the SiO 2 surface for the radiative recombination. With embedding of partially filled nc-Si in the MS, there still remains a large surface area of silica, such that PL would be dominated by the same recombination namely between localized electrons and holes at the nc-Si/SiO 2 interface. But in this case the enhanced luminescence intensity is expected, because more carriers could be generated by photo-excitation of semiconductor nanocrystals. However, firstly the density of the interface states is limited and secondly the carrier transfer from the Si nanocrystals to the interface emission sites could also be a kinetically limited process, the PL intensity could quickly saturate. It thus explains why the m-coefficient decreased to 0.8.
Conclusions
PL of MS samples without and with nc-Si(Ge) incorporation have been studied. The results of the RTA and excitation power dependence experiments suggest the significance of interface defect sites and the same mechanism for both samples for the luminescence at ~2.75 eV, i.e. due to the radiative recombination of localized electrons and holes at the interface. We particularly point out to the role of nanocrystals in generating more photoexcited carriers, thus enhancing the PL intensity.
These experimental findings combined with further characterizations of these MS materials with nc-Si(Ge) notably at different temperatures can help us to understand the origin and nature of light emission in nc-Si in materials.
